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SUMMARY OF DRAG CHARACTERISTICS OF PRACTICAL-CONSTRUCTION WING SECTIONS

By Joan H. Quinn, Jr.

SUMMARY

The effects of several parameters on the drag characteristics
of practical-construction wing sections have been considered
and evaluated. The effects considered were those of surface
roughness, surface waviness, compressive load, and de-icers.
The data were obtained from a number of tests in the Langley
two-dimensional low-turbulence tunnels.

The section drag coefficients of practical-construction wings
in the “as-received” condition were often as high as 0.0070 at
Reynolds numbers of 20X 10°%. When spar joinis or surface
unfairness occurred in a region of normally laminar flow,
decreases 1n section drag coefficient up to 50 percent could be
obtained by a combination of surface finishing and fairing.
In some cases, nearly half this improvement was due io better
surface fairness. The drag of smooth wings with thick skin
having spars placed at or behind the most rearward position at
which laminar flow might be expected approached that of fair
and smooth airfoils of corresponding sections. Some quantita-
tive data were obtained and indicated the effects of warves in the
laminar-flow region of smooth practical-construction wings on
the Reynolds number af which premature transition would
oceur. For Reynolds numbers up to 60X10% a few examples
are given of surface warves on NACA 6-series airfoil sections
that did not cause premature transition.

As a result of the construction irregularities existing on
wings as received from the manufacturer, the differences in
drag usually associated with airfoils of different series were
not obtained. Combinations of glazing, painting, or minor
refairing of the surfaces, howerer, were sufficient to produce
section drag coefficients approaching those for fair and smooth
airfoils of corresponding sections at Reynolds numbers up to
approximately 20X 105,

Loading a wing in compression until some slight permanent
set of the skin or rivets occurred had little or no adrerse effect on
the drag characteristics of two wing sections designed to retain
their true contours under loads usually encountered in flight.
While the wing was under load sufficient to produce such
deformation, howerer, drag coefficients as high as 0.0060 were

. obtained at @ Reynolds number of approximately 24X10% as
compared with a ralue of 0.0046 for the unloaded wing at the
same Reynolds number.

dAirfoil sections having thickness ratios of approximately
15 percent and equipped with leading-edge de-icer boots were
found to have section drag coefficients of approximately 0.0070
at Reynolds numbers between 10X10° and 82XI10°. This
value of the section drag coefficient appeared to be independent
of the airfoil section upon which the de-icer was mounted.

INTRODUCTION

Numerous investigations of airfoil sections built by various
practical-construction methods have been made in the Lang-

ley two-dimensional low-turbulence tunnels to determine =

the effects of construction irregularities on the aerodynamie
cheracteristics of the airfoil sections that each model repre-
sented. The results of the tests were useful in estimating
performance characteristics of the airplane for which each

installation was being considered, but no attempt was made

to correlate the aerodynamic characteristics of the wing
sections with the type of construction employed.

In the present paper the data obtained from the tests
have been eollected and analyzed to find the effects of
several parameters on the drag characteristics of practical-
construction wings. The effects of surface roughness, surface
waviness, compressive load, and de-icers were considered.
The drag characteristics of the models, which represented
both NACA 8- and 230-series airfoil sections, were obtained
for various surface conditions. These surface conditions
generally included the original condition as received from the
manufacturer and a number of improved conditions obtained
by glazing, sanding, painting, or by a combination of these
processes. Surface-waviness measurements were made more
recently on several models and the drag and waviness meas-
urements were correlated wherever possible. '

SYMBOLS

¢ airfoil chord, feet

d difference between gage reading on airfoil
surface and on a flat plate, feet,

dfec waviness index

8 chordwise distance along airfoil surface from
leading edge, feet

cs section drag coefficient o

1 section lift coefficient

¢, design section lift coefficient _

B Reynolds number based on wing chord

g acceleration of gravity, feet per second per
second

z distance along chord from leading edge, feet:

§ effective thickness of boundary layer; thick-

ness to point where velocity inside boundary
layer is equal to 0.707 of velomty outside
boundary layer, feet

R; Reynolds number based on effective boundary—
layer thickness
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U local velocity outside boundary layer, feet per
second
I, free-stream velocity, feet per second
S pressure coefficient (I_ﬂfcg_n—ﬂ)
H, free-stream total pressure
P local static pressure
Qo free-stream dynamic pressure
MODELS

The models tested were built by practical-construction
methods and were of 3-foot span and from 6- to 8.33-foot
chord. Chordwise stiffeners, spanwise stiffeners, or com-
binations of the twao were used, and the models were of the
single-, double-, or triple-spar type. Both NACA 230- and
6-series airfoil sections were represented. Explanations of
the airfoil designations are included in reference 1.

The original condition of the wing as received from the
manufacturer and also the various improved conditions are
described for each model where data for the various surface
finishes are presented. These improved swface conditions
were obtained by one or more of the following finishing
procedures:

Camouflage painted: Painted with synthetic-enamel cam-
ouflage paint giving a surface condition similar to that
obtained by procedure 5 of reference 2.

Saunded: Surface sanded sufficiently to remove paint specks
and other similar excrescences.

Glazed: Local defects such as nicks, dimples around rivets,
and seams, filled with pyroxylin putty and sanded smooth.

Painted: Painted with gray primer surfacer and sanded
smooth with No. 320 carborundum paper.

Faired: Modifications to surface either by extensive appli-
cation of pyroxylin putty or rebuilding to reduce the number
and size of larger surface irregularities.

In the present paper the term “roughness” iz used to
denote the presence of local nicks or scratches, open seams
due to chordwise or spanwise joints, dimples around rivets
or screws, paint specks, or other similar projections. The
term “waviness” is limited to those wrinkles in the skin that
present gentle deviations from a fair surface. A surface
is considered to be aerodynamically fair and smooth when
further decreases in the amount of surface roughness and
waviness produceno changein the aerodynamic characteristics.

Descriptions of the models, a list of the surface conditions
studied, and an index to figures in which data for the various
surface conditions are contained are presented in table I for
the models considered herein.

TEST METHODS ___.

The tests of the practical-construction wing models were
made in the Langley two-dimensional low-turbulence tunnel
and in the Langley two-dimensional low-turbulence pressure
tunnel. These tunnels have test sections 3 feet wide by 7%
feet—high and were designed to test models completely
spanning the jet in two-dimensional flow. The turbulence
level of these tunnels amounts to only a few hundredths of
1 percent and is considerably below that at which any effect
is apparent on the critical Reynolds number of a sphere.
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Tests in the pressure tunnel may be made under pressures
ranging from 14.7 to 150 pounds per square inch absolute;
therefore, by increasing the tunnel pressure high Reynolds
numbers may be obtained at relatively low Mach numbers.
The Mach number of the tests was in no case greafer than
0.2. In these tunnels, lift is measured by integraling {he
pressures along the floor and ceiling of the tunnel test section
and drag is measured by the wake-survey method. The
drag coefficicnts are usually obtained at a spanwise position
selected as a representative section of the wing from a num-
ber of spanwise surveys at a low lift coefficient. More
detailed descriptions of the methods used in obtlaining and
reducing data in these tunnels are contained in reference I.

Surface-waviness measurements for the wind-tunnel models
were obtained with a standard Ames dial gage mounted on
legs spaced 2'%: inches. The readings were reduced to
dimensionless form by subtracting the reading of the gage
when placed on a flat surface from the readings obtained
with the gage in various positions along the airfoil surface
and dividing the difference by the airfoil chord.

RESULTS AND DISCUSSION

In the analysis of the effects of surface roughness and
waviness, the surfaces were assumed to be so smooth (hat
the differences observed between the measured drags and
the drags of fair and smooth models werc related directly fo
the relative extents of the laminar and turbulent boundary
layers. The effects of surface roughness or waviness on drag
therefore can be interpreted essentially as the effect of this
roughness or waviness on the position of the transition from
the laminar to the turbulent layer.

In order to derive an approximate relation between the
section drag coefficient and the position of transition, section
drag coefficients have been calculated by the method of
reference 3 for .the NACA 66sn—116 .airfoil secction at a
section lift coefficient of 0.1 and a Reynolds number of
20} 10° for assumed positions of transition ranging from 0.1
to 0.6c. (See fig. 1.) These calculated values have been
used throughout the analysis when an estimate of the tran-
sition point on NACA 6-series airfoils was required, since the
variation shown in figure 1 is thought to _be reasonably
representative of the airfoil sections for which data are
presented herein. The values of the section drag coeflicient
found for transition at 0.50¢ or 0.60c¢ are probably slightly
higher than those of fair and smooth NACA 65- or 6G-scries
airfoils, respectively, because at Reynolds numbers up to
approximately 20X 10° transition would probably ocecur
slightly behind the minimum pressure point.

EFFECTS OF SURFACE.CONDITIONS

Surface roughness.—In the consideration of the cffects of
surface roughness on the drag characteristics of practical-
construction wings, the separate effects of various steps in
the finishing process have been determined. Plotographs
of models 1 to 6, which are NACA 6-series airfoil sections,
are presented as figures 2 to 7. The drag characteristics of
these models with various surface conditions are presented
in figure 8.
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F1aTRE 1.—Caleulated variation of section drag coeffielent with position of transitfon on
NACA 66 mn-116 airfoll section. cr=0.1; R=20x100.

FIGTRE 2.~Aodel of WACA 65(216)-3(i6.5) (approx.) prectical-conctruction alrfoil section
with bare-metal surfaces. Madel 1.

From figure 8 (a) at 2 Reynolds number of 20X10° the
following drag characteristics may be obtained for model 1
(NACA 65(216)-3(16.5) (approx.) airfoil section):

Percentage
Btep Sarface condition ca prove-
ment
1 Orlg{nal clggmuﬂn.ge painted; discontinuity at front o <
2 surlucé.éiﬁié&' over front spar; lower sarface | | -
to front spar_.___. . 0070 10
3 Upper surfnce palnted tod "lc' Tower surface pu.!.nted
to 0.12¢. . 0038 a3
4 Both surfaces painted to 0.7l oo . 0052 40

An irregularity consisting of a rather large flat spot existed
at the front spar (0.12c) on both surfaces in the original
condition. This flat spot was detected by rocking a straight-
edge over the surfaces in a chordwise direction. The large
reduction in drag obtained from step 2 was probably due to
a partial fairing of the fiat spot on the upper surface. Tran-

(b) Front top view.
FioterE 3.—NModel of NACA 65(215)-214 (approx.) prectical-construetion airfoll seetion
with unpainted surfaces. Model 2. .

L)
FIGCRE 4.—Model of NACA 63(215)-118 practical-construetion airfoll section with local
surface defects glazed. Model3.

sition moved downstream but still occurred forward of the
minimum pressure point as a result of the flat spot. Local
glazing (step 2) and painting the model surfaces (steps 3
and 4) are not thought to alter the surface waviness appreci-
ably but rather to eliminate local nicks, dimples, seams, and
scratches. The final value of the section drag coefficient of
0.0052 obtained with step 4 corresponds to transition at
approximately 0.43¢, or 0.07¢ ahead of the design position
of minimum pressure on an NACA 65-series airfoil section.
Since the model surfaces after step 4 were smooth and the
middle spar was located at 0.45¢, the remaining unfairness
near the nose of the model appeared to be responsible for
the premature transition.
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ta) Upper-surface templet.

(o) 8panwise variation in contour.

a=ld, c=0.2
F1cURE 5.—Model of NACA 66(215)-116 {a-o.s, eym—0.1 practical-eonstruction

alrfoil scetion, Model 4.

The following table shows the improvements made on
model 2 (NACA 66(215)-214 (approx.) airfoil section) at a
Reynolds number of 20X 10%, as obtained from figure 8 (b):

Pexcentage
Btep Surface condition cd Improve-
: ment
_ - - R L e
1 Qrigingl, unpainted. 0.0070 e m——
2 Qlezed and painted. ... - . 00585 21
3 Refaired....._... . 0035 50

The drag was reduced 50 percent, although 8 reduction of
only 21 percent was obtained by smoothing the surfaces.
In the unpainted condition, the section drag coefficient of
0.0070 corresponds to transition at approximately 0.24c.
Figure 3 shows that numerous dimples caused by the rivets
existed in the skin. These dimples were probably responsible
for trapsition approximately 0.10¢ ahead of the front spar.
Glazing and painting the model reduced the section drag
coefficient to 0.0055 or moved transition to approximately
0.40c. Tranpsition at this point was probably due to unfair-
ness at the front spar. Refairing the model evidently removed
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{b) Nose templet, model [nveorted.

a=1.0, ¢3,=0.2 |
FIGTRE 6.—Model of NACA 66(215)-116 {u:o.ﬁ, cy=—0.1] practieal-construction

alrfnll section with surfaces painted with zino-chromate primer. Model &,

NACA LA
-

Fraore 7.—Model of NACA 06¢215)-116 practical-constrzetion alrfoil svetion with surfices
glazed and smooth to rear spar. Moadel 6.

the irregularity at the front spar and the .section drag
coefficient—was reduced to the value of 0.0035, or approxi-
mately the same as that of a fair and smooth model of the
same section.

The drag characteristics of model 3 (NACA 66(215)-116
airfoil section) are presented in figure 8 (¢) for a range of
Reynolds numbers and in the following table for a Reynolds
number of 20X10%;

. . Percentage
Btep | ... __Surfaco condltion ce Imrave-
- . ment

1 Orfginal (bare metal skin)...._ mmmoancammmeaof LO0ER | ooollo

2 (azed to spar Joint at 0.32..___.___ . 0053 11

3 (lazed and painted over spar jolnt. . 0044 -]

4 Entlre surface painted. ... ..o . Q042 32

5 Partly refafred L0010 k]
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The section drag coefficient of the model in the original (bare
metal) condition, 0.0062, corresponds to transition at
approximately 0.32¢. Diroples and local defects forward of
the spar (fig. 4) probably caused transition at that point.
The glazing of the surfaces forward of the spar (step 2)
reduced the drag 11 percent; the section drag coefficient of
0.0055 corresponds to fransition at about 0.40¢. Glazing and
painting over the spar joint (step 3) decreased the section
drag coefficient to 0.0044 or moved transition to approxi-
mately 0.50c. Painting the entire model surfaces (step 4)
brought about little {further improvement. Some waviness
at the spar joint at 0.32¢ (table I} was probably responsible
for premature transition on model 3. The final section drag
coefficient of 0.0040, however, shows that the waviness did
not cause premature transition up to approximately 0.55¢.

The drag characteristics of model 4 (NACA 66(215)-116

fa=1.0,¢;,=02
ta 0. 6 Cu——o 15
and in the following table at a Reynolds number of
20%1085:

airfoil section) are presented infigure 8(d)

Percentage
Step Surface condition ce prove-
ment
1 riginal—painted with zine-chromate primer.. ... 0.0056 |omcomcmomeen
2 | Pamted.._... . 0010 20
3 . 0040 29

A total reduction in section drag coefficient from 0.0056 to
0.0040, or 29 percent, was obtained by smoothing the model
surfaces. The sudden increase in section drag coefficient
at 2 Reynolds number of 13X10° was thus eliminated, as
shown in figure'8 (d). Rapid increases in section drag
coefficient with Reynolds number, similar to that shown, are
usually associated with surface roughness. ILocal nicks or
depressions near the rivets probably caused premature tran-
sition at a Reynolds number of 13X10° in the unpainted
condition but were not large enough to cause premature
transition at lower Reynolds numbers. The flush riveting
on this model was unusually smooth. The final section
drag coefficient of 0.0040 is higher than that of a fair and
smooth NACA 66-series airfoil section. Because the spar
on this model was located at 0.60¢ (table I), waviness at the
spar joint was not likely to be responsible for this discrep-
ancy. Deviations from {rue contour in both the chordwise
and spanwise directions, as shown in figure 5, therefore, were
probably responsible for the slightly higher drags in the
finished condition.

The section drag coefficient of 0.0037 for model 5
(NACA 66(215)—116{2;(1):2: g::;_gf} airfoil section)
found at R=2010* (fig. 8 (¢)) is nea1ly the same as that
of a fair and smooth 66-series section, and consequently
little or no improvement was made by painting and sanding.
The spar location at 0.60¢ combined with the use of a thick

skin (table I), probably made possible the realization of
low-drag characteristics to higher Reynolds numbers than
have been found with most models having spars located
farther forward. '

Variations of section drag coefficient with surface condi-
tion for model 6 (NACA 66(215)-116 airfoil section) are
shown in the following table at a Reynolds number of
203X 108, as obtained from figure 8 (f):

~ Percentage
Step - Rurface condition cd improve-
ment
1 Qriginal—covered with tnbrtc su.u'tacer ................ 0.0086 | ooooe .
2 Fabric surfacer sanded. [N SOIN B 1 '3 [)
3 Surfacer removed.... ... I . 0072 -9
4 Glazed up to 0.15¢. . ... oo .- . 0072 —9
5 Glazed up to 0.45¢. . — . - 0068 1}

No large decreases in section drag coefficient were obtained
by improving the surface finish of model 6. In the best
condition—that is, with fabric surfacer sanded—transition’
probably occurred at approximately 0.35¢, or 0.25¢ shead
of the design position of minimum pressure. The surface
material, which consisted of fabric doped to the metal skin,
evidently masked considerable unfairness, for in the bare-
metal condition the drag was 9 percent higher than that
for the model in the original condition. The drag coefficient
of 0.0072 for steps 3 and 4 would correspond to transition
at approximately 0.21e. Glazing to the rear spar (step 5)
resulted in a section drag coefficient that “oulc_i___gorrespond
to transition at about 0.28c. The model surfaces in this
case were very smooth; the extreme surface waviness of

model 6, therefore, was probably responsible for the high

section drag coefficients. o
The preceding observations of the decrease in drag caused
by improving the surface finish and fairness of practical-
construction wings:at a Reynolds number of 20X 10% are
summarized in the following statements: When spar joints
or similer surface irregularities occurred in a region of
normally laminar flow, the section drag coefficients of
several NACA. 6-series airfoil sections as received from the
menufacturer ranged from 0.0062 to 0.0086. A combina-
tion of improvement in surface smoothness and fairness
obtained by glazing, painting, or minor refairing reduced
these section drag coefficients by an emount ranging from
0.0022 to 0.0035, depending upon the value of the original
drags. Tests of two models having thick skins and spars
placed at or behind the most rearward position at which
laminar Aow might be expected yielded section drag coeffi-
cients very close to those of fair and smooth eirfoils of
corresponding sections. Elimination of minor surface rough-
ness by local glazing and painting helped to maintain these
values of the section drag coefficient over a rather large
range of Reynolds number. Glazing and painting these
models did not, however, eliminate the adverse effects of
surface unfairness or waviness where it existed, although

the severity of these effects was usually lessened.
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Fiaure 8.—Eflect of surface Improvements on drag characteristies of atrfoil sections.
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Surface waviness.—In the consideration of the effects of
surface waviness on the drag characteristics of airfoil sections,
the effects of roughness have been eliminsted by using data
for smooth models only. The types of waviness investi-
gated were those associated with short-wave-length wrinkles
in the airfoil skin and with deviations from true contour
over a large part of the chord. The wrinkles, or waves,
were detected by passing a surface gage over the airfoil
surface to obtain the waviness index dfe at a number of
chordwise locations. Any deviation from a fair curve
in the plot of waviness index against chordwise position
is an indication of a surface wave, although the waviness
index does not give directly either the length or magnitude
of the wave. When the spacing of the legs of the gage is
approximately a constant frgction of the airfoil choxd,
however, the deviation of the chordwise variation of the
waviness index from a fair curve is a satisfactory means
of comparing the relative waviness on different airfoil models.
Deviations from true airfoil contour over a large part of the
airfoil chord were investigated in one case by checking the
model contour with a templet. Feeler gages inserted between
the templet and the airfoil surface were used to measure
the deviation from the true contour.

The surface waviness on two models was reduced beyond
the point where an effect on drag was noticeable. The two
models were model 7 (the NACA 66114 airfoil section)
and model 8 (the NACA 66(2x15)-116 airfoil section).
The drag characteristics of models 7 and 8 could then be
compared with those of other smooth models of similer
airfoil section to determine whether the drag characteristics
of the other models were adversely affected by surface wavi-
ness and, if so, to what extent.

A photograph of model 7 is presented as figure 9. The
drag characteristics of this model with two conditions of
surface waviness are presented in figure 10, and the waviness
measurements for the two surface conditions are presented
in figure 1i. Almost no difference was found in the drag
characteristics with the two waviness conditions, although
inspection of figure 11 shows that in the faired condition the
model surfaces were considerably more fair than in the “‘as-
received” condition. Because & marked reduction in the
surface waviness thus had no apparent effect on the drag
characteristics of model 7, it was thought that trensition
probably moves forward as the Reynolds number increases
even if no waves exist. In order to investigate the possibility
of this phenomenon, drag coefficients were calculated for
several Reynolds numbers by the method of reference 3.
For these calculations it was assumed that transition would
oceur at a constant value of R; (Reynolds number based on
the effective boundary-layer thickness) unless the particular
value of R; chosen occurred behind the position of minimum
pressure. Estimation of the transition point in an adverse
pressure gradient is rather involved and was not considered
of sufficient interest in the present paper to be included.

FIaCRE 9.—Three-quarter front view of npper surface of NACA 06 g -114 airfoll section In
as-received conditfon. Model 7

g0z T T ]

- Surface condifion

5 o As received — ]

S o Foired, both

».008 swrfoces—

8
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8 01 s : A

E g ~\-Cateulated, Rg=8000"
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v g 8 5 24 32 40 48x/0¢
Reynolds number; R

FIGURE 10.—Experimental and caleulated section drag chrracteristics for NACA 68z -114
practieal-construetion alrfoll seetion. er=0.1 (approx.}. Model 7.

The position of transition was estimated for several assumed
values of R; between 6500 and 8500 by use of the following
equation obtained from reference 4:

Ri’_ UD 7.17 (*x 8.17 8
Feex (@) |, (7)) 4

The use of a constant value of R; of 8000 was found to pro-

vide the best over-all agreement between the calculated and

experimental section drag coefficients. Although the
calculated-drag and experimental-drag curves of figure 10 do
not agree very closely at Reynolds numbers between 20X 10°
and 303X10% the section drag coefficients obtained experi-
mentally and theoretically are in good agreement for Reyn- -
olds numbers between 30X10° and 50108
numbers between 20X10* and 30X10% the higher drags
of the experimental results could have been caused by very
small particles of lint end dust adhering to the airfoil sur-
face. The model surfaces were partly painted and glazed
and partly bare metal for the faired condition. In the past,
unpolished metal surfaces have often been found to present
greater difficulties in eliminating dust and other particles
than do high-gloss or polished surfaces. An accumulation
of small dust particles could bring about small disturbances
in the laminar-flow layer that would produce slight premature
forward movements of transition.

At Reynolds
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FIetRE 11.—Waviness characteristics of NACA 06 uy-114 practical-construetion airfoll seetion in as-received condition and In faired condition. Model 7.

Although the value of R; of 8000 was obtained by trial
and error in an attempt to obtain correlation between the
experimental and calculated curves, reference 4 indicated
that under one set of conditions transition was found to
oceur on an airplane wing in flight at values of R; between
8000 and 9500. ’ '

Drag-scale-effect curves were also obtained for model 8
(the NACA 66(2x15)-116 airfoil section) under two con-
ditions of surface waviness. A photograph of this model
is presented as figure 12, drag characteristics arc presented
in figure 13, and waviness measurements are presented in
figure 14. With the airfoil camouflage painted and sanded,
considerable waviness existed near the front spar located at
0.35¢ (fig. 14). A reduction in waviness at that point had
a very small effect on the drag characteristics, bringing
about a reduction in section drag coefficient of approximately
0.0002 at Reynolds numbers between 303X10°% and 503<10°
(fig. 13). In the faired condition, the model surfaces were
approximately as fair as it was practically feasible to make
them. Calculated drag curves for critical values of R; of
8000, 8500, and 9000 arc presented, together with experi-
mental data, in figure 13. Very good agreement was
obtained between the experimental values and the calculated
values for R;=9000.

Fieure 12—Model of NACA 66(2x1F)-116 practic:l-construction alrfoil sectlon with

cemouflage-painted surfaces, Alodel 8.
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Fiourx 18.—Comparison of experimental and caleulated drag-scale-cffeet curves for NACA
60(2x18)-118 practical-construction alrfoll section. er=0.1. Model 8.
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FIGURE 14.~—Waviness characteristics of NACA 66(2x15)-116 practical-construction afrfoll section before and after f2iring process. Model 8.

Because it was possible to calculate for model 8 both the
value of the Reynolds number at which minimum drag
occurred and the value of the section drag coefficients at
high Reynolds numbers, it appears that it is possible to
approximate the drag-scale-effect curve for a smooth and
fair airfoil by assuming that fransition occurs at a critical
value of R; between 8000 and 9000 when it does not occur
as a result of reversal in the pressure gradient. Because
reductions in the amount of surface waviness brought about
little measurable change in section drag coefficient, the
waviness existing on either model 7 or model 8 did not
appear to be sufficiently great to effect the drag character-
istics of these airfoils at least at Reynolds numbers between
307><10% and 5010

The drag characteristics of & number of smooth NACA
6-series practical-construction airfoil sections were compared
with those of models 7 and 8. Any models for which the
drag coefficients fell in the range between the drag coefficients
for models 7 and 8, which have been shown to be free of
harmful waviness, could also be considered reasonably free
of harmful waviness. Any model for which the drag
coefficients were greater than those of model 7, on the other
hand, were thought to have sufficient waviness to induce
premature transition.

A photograph of model 11, the NACA 66,2-115 airfoil
section, is presented as figure 15, and the drag character-
istics of models 5, 6,7, 8,9 (the NACA 66(215)—(1.25)16), 10
(the NACA 66,2-115), and 11 (the NACA 66,2-115} are
presented in figure 16. The waviness measurements for
models 5, 6, 9, 10, and 11 are presented in figure 17.

MATA LML
4C24p

FIGURE 15 —Model of NACA 66, 2-118 practical-construction airfoll section with camouflage-
palinted surfaces. Model 11. (Model 10 has similar internal structure.)
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FIaurRE 16.—Drag characteristics of some smooth NACA 6-serles Practical-construction alrfoll sections.

With the exception of model 6 all the airfoils for which
data are presented in figure 16 had the same value of mini-
mum section drag coefficient. The drag-scale-effect curve
for model 5 rose above that for model 7 at a Reynolds number
of 24X10°%. Figure 17 (a) shows that model 5 had rather
large waves near the leading edge on both surfaces. Waves
near the leading edge that produce variations in the waviness
index similar to the variations shown in figure 17 (a) can be
considered representative of those that would have an
adverse effect on the position of transition, at least for Rey-
nolds numbers between 24X10% and 32X10% The drag-
scale-effect curves for models 9 and 10 fell between those for
models 7 and 8. The waves existing on models 9 and 10
were probably not sufficiently large to cause premature
transition over the Reynolds number range for which data
were obtained. The waviness data for models 9 and 10
presented in figures 17 (b) and 17 (¢), respectively, give
examples of permissible waviness if premature transition is
to be avoided up to Reynolds numbers of at least 35X 10°
and 20)(10° respectively. The section drag coefficients of
model 11 (fig. 16) were greater than those of model 7 at
Reynolds numbers above 16 X10°% Figure 17 (d) shows that
waves existing on model 11 produced a number of large
variations in the waviness index. Such waviness may be
considered as representative of that which will cause pre-
mature transition, st least for Reynolds numbers between
16X 10% and 20X 10% 'The section drag coefficients of model 6
are extremely high as. compared with those of the other
models for which data are presented in figure 16. The
extreme waviness of this model as shown in figure 17 (e)
presents an example of waviness sufficiently severe to cause
premature transition, at least for Reynolds numbers above
8X10°% It may benoted in table I that model 6 was con-
structed with spanwise hat-section stiffeners, the flanges of

which were rather heavy with respeet to the airfoil skin
The other models for which data are presented in figure 1G.
were constructed with chordwise stiffeners. Somewhat
greater diffieulty may be experienced in constructing air-
foils with fair contours when spanwise stiffeners that are
heavy with respect to the airfoil skin are used.

Photographs of model 12 (the NACA 23015 (approx.) air-
foil section) and model 13 (the NACA 23016 airfoil seetion)
are presented as figures 18 and 19, respectively., The varia-
tion of section drag coefficient with Reynolds number for
these two models is presented in figure 20 and the waviness
measurements are presented in figure 21.

The lower drag of the two models was obtained with
model 12, which had a scetion drag coefficient of 0.0057 at a
Reynolds number of 20<10° (fig. 20). A fair and smooth
NACA 230-series airfoil would probably have approximately
the same section drag coefficient as model 12, at least up
to Reynolds numbers of approximately 20X 108  The wavi-
ness existing on model 12 (fig. 21 (a)) in the region where
laminar flow might ordinarily be expected—that is, up to
approximately 0.12¢ on the upper surface and 6.20¢ on the
lower surface—evidently had no adverse effects on the drag
of this model up to Reynolds numbers of approximalely
203<10% Beeause the waviness characteristics of models
12 and 13 were similar as far back from the leading edge as
approximately 0.40¢ (figs. 21 (&) and 21 (b)), the waves
existing on model 13 in the laminar-flow region also probably
had little effect on the drag characteristics. The extreme
waviness of model 13 behind the 0.40¢ position was probably
due to the very thin skin of this model (table I). The skin
was known to vibrate considerably during the drag tests. It
is possible, therefore, that such vibration was responsible for
the fact that model 13 had generally higher drags than
model 12.
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An example of a model that shows the effect of deviation
from true airfoil contour over a large part of the chord is
model 4, for which drag data are presented in figure 22 and
surface unfairness (deviation from true contour) and pressure-
distribution measurements are presented in figure 23. The
effect of deviation from contour (fig. 23 (a)) on the pres-
sure distribution was to increase the velocities bver the first
50 percent chord above the theoretical velocities and to move

g
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F1GURE 22.—Drag of NACA 66(216)-116{.1_0.2: c:::_o_l}practlod-eonstructton airfoil

section, surfaces painted and glazed, compared with drag of faired NACA 66 ¢ip -114
practical-construction airfoll section.
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the minimum pressure point from 0.60¢ to approximately
0.50¢ (fig. 23 (b)). A comparison of the drag characteristics
of model 4 with those of model 7 (fig. 22) shows that the
deviations from contour had little effect on the drag of
model 4 at Reynolds numbers below 26 <10° but at Reynolds
numbers greater than 26X 10° the drag of model 4 tended to
be greater than that of model 7.

Comparison of NACA 6- and 280-series airfoil section.—In
order to determine whether the relative merits of airfoil
sections of different series are masked by construction defects,
the drag characteristics of several NACA 6- and 230-series
airfoil sections have been compared.

Drag data are presented in figure 24 for models 2, 8, 12,
and 13. Figure 24 (a) shows little difference in the section
drag coefficients of the NACA 66(215)—214 (approx.) and
23016 airfoil sections in the original conditions, although the
drag of the NACA 66(215)—214 (approx.} airfoil section is
much lower than that of the NACA 23016 airfoil section in
the finished condition. Comparison. of the drags of the
NACA 66(2x15)-116 and 23015 (approx.) airfoil sections
in figure 24 (b) shows appreciable difference in drag of the
models in the original condition but a much greater difference
in the smooth condition. From these data the differences
in drag associated with smooth NACA 230- and 6-series air-
foil sectioms, as constructed, eppear to be considerably
reduced if not entirely masked.
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(a) NACA 23016 and 66(215)-214 (approx.) airfoll sections.
(b) NACA 23015 (approx.) and 68(2x15)-116 airfoil sections.
FIGTRE 24.—Comparison of drag characteristics of some 230~ and 8-series airfoils.
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Comparison of drag of airplane wing and practical-
construotion wing model.—A comparison has been made in
figure 25 of the drag characteristics of a smooth practical-
construction wing model having the NACA 66(215)—214
(approx.) airfoil section and a smooth test panel of an air-
plane wing having the NACA 66(215)—2(14.7) airfoil section.
The airplane wing panel had been carefully faired to eliminate
any protuberances or waviness due to wing joints or access
doors. Both the airfoils used had NACA 66-series sections
with thickness ratios of approximately 0.14.

In figure 25 at section lift cocfficients below 0.3, the
practical-construction wing model had lower drag than the air-
plane wing panel; whereas, at higher section lift coefficients
the reverse was true. Since data for the airplane wing were
obtained in flight, it is difficult to determine whether the
higher drags associated with the airplane wing were due to
buckling under load at the time that the data were obtained.
It is possible, however, that waviness on the airplane wing
existed relatively far back on the wing surface, and the
adverse effects of such waviness were noticeable only at
the lower section lift coefficients. Furthermore, similar
waviness that was not large enough to cruse premature
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F1eurE 25, —Comparison of drag characteristics of smooth test panel of airplane wing with
that of smooth practical-construction wing model.
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transition under the favorable pressure gradient existing
at the low section lift coefficients might have existed closer
to the leading edge of the NACA 66(215)-214 (approx.)
airfoil section but, under a less favorable pressure gradient
at section lift coefficients above 0.3, such waviness might

well have resulted in premature transition.
&
EFFECTS OF COMPRESSIYVE LOAD AND DE-ICERS

Effect of compressive load.—The effect of deformation,
or waviness, of the wing skin in flight presents a further
obstruction to the realization of the design drag characteristics
of airioil sections. For this reason two wing pancls, madels
9 and 14, constructed at the Langley Laboratory of the
NACA (relcrence 5), were designed to retain their true con-
tour under loads ordinarily encountered in flight. The drag
characteristics of these sections were measured before being
subjected to compressive load. Compressive load was then
alternately applied and removed, each successive load exeeed-
ing the last, until some failure of the wing was detected.
With both wings, local slippagé of the rivet heads or erushing
of the skin around the rivets comprised the.sole permanent
deformation of the models. The drag characteristics of the
models were then determined again. For a third airfoil
model, model 15, which was construcled by a manufacturer,
the drag was measured while compressive Joad was being
applied.

Photographs of model 14 (the NACA 66(215)-(1.25)16
airfoil section) and model 15 (the NACA 65(216)-215
(approx.) airfoil section) are presented as figuroes 26 and 27,
respectively. The drag characteristics of models 9, 14, and
15 are presented in figure 28. With the exception of the
stiffener spacing between spars, models 9 and 14 were iden-
tical (table I). These models were unpainted but were
glazed locally at the front spar and over the rivet heada.
Inspection of figures 28 (a) and 28 (b) shows that the drag
coefficients for these two models at Reynolds numbers above
20X 10° wére somewhat lower for the after-loading condition
than for the before-loading condition. When the model sur-
faces were cleaned and refinished, after being subjected to
the compressive loads, the models were probably made
smoother than for the aerodynamic tests conducted before
the compressive loads were applied. The slight protuber-
ances of the rivet heads caused by the compressive loads,
however, were not. removed by the finishing process. On
the basis of these two tests, the type of construction employed
appeared sufficiently good to allow realization of the section
drag coefficients usually associated with NACA 66-scrics
airfoil sections at Reynolds numbers up to approximafcly
30X<10% Inaddition, model 9, with stiffeners spaced 3 inches
on centers, appeared to offer no particular aerodynamic
advantage over model 14, with stiffeners spaced 6 inches on
centers; and the adverse cffects of the compressive loads
appeared to be so small that these effects were completely
masked by slight improvements in surface finish.
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(b} View of model belng snbjected to compressive load In 1,200,000-pound testing machine,
¥1auRE 26.—Model of NA C A 68(215)—(1.25)18 practical-construction airfoll seetion. Model 14.

Model 15, designed for the wing of a fighter bomber, was
subjected to compressive loads up to a load that was thought
to correspond to a load of 1.5¢ for the airplane. These
loads were applied by a hydraulic jack mounted within the
wing, which was fixed in the tunnel. Figure 28 (¢) shows
that with the model under a load sufficient to produce slight
waviness (1.0g) little or no effect on the drag was found,
but that with the model under a load great enough to pro-
duce some permanent deformation of the skin (1.5¢) waves
existed that were serious enough to bring about a sharp
increase in drag at a Reynolds number of 20<10%

For the cases just considered, slight permanent set in the
skin or rivets of the wings caused by compressive loads had
little or no effect on the drag characteristics. While the
wing was experiencing load sufficient to produce such
deformation, however, the drag characteristics were adversely
affected to & considerable extent.

Effects of de-icers.—Data are presented in figure 29 for
two airfoil models equipped with leading-edge de-icer boots.
These boots consisted of rubber sheets attached to the wing
surface and were tapered to 2 fine edge on the upper and
lower surfaces of the airfoil at the point where they faired
into the wing contour.

{b) Rear top vlew.
FicuzEe 27.—Model of NACA 85(218)-218 (approx.) practical-construction airfoll section.
Model 15.

A 0.075¢ de-icer boot on the leading edge of model 15 (the
NACA 65(216)-215 (approx.) airfoil section) caused a section-
drag-coefficient increment amounting to 0.0025 or (.0030
(fig. 29 (a)), whereas a similar 0.15¢ de-icer boot caused
inecrements of approximately 0.0040. A 0.10¢ de-icer boot
on model 12 (the NACA 23015 (approx.) airfoil section)
caused section-drag-coefficient increments of approximately
0.0010 (fig. 29 (b)). The total section drag coefficients of
the NACA 6-series with the 0.075¢ de-icer boot and the NACA
23015 airfoil with the 0.10¢ airfoil de-icer boot were approxi-
mately 0.0070 at Reynolds numbers between 10X10° and
323¢10% whereas the drag of the NACA 6-series airfoil with
the 0.15¢ de-icer boot was somewhat greater, at least at
Reynolds numbers up to 10X10% It would appear, then,

that not only are the drags of airfoil sections increased

considerably by the addition of leading-edge de-icer boots

but that the differences in drag usually associated with air-
foil sections of different series are masked, at least for

thickness ratios of approximately 15 percent.
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(8) NACA 66(215)-(3.25)16 airfoll section with chordwise hat-section stiffeners spaced 8 Inches.
on centers. ¢;=0.14, Model 9.
(b) NACA 66(216)-(1.25)18 airfoil section with chordwise hat-seotion stiffeners spaced 6 inches
on centers. ¢;=0.16. RAfodel 14,
(c) NACA 65(216)-215 (approx.} alrfoll seetion. ¢i=0.3. Model 15,
F16URK 28.—Eflect of compressive load on drag characteristles of afrfolls,
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(a) 0.075¢ and 0.15¢ de-leer boots on NACA 65(216)-215 (approx.) airfoil section.
(b} 0.10¢ de-Icer boot on NACA 23018 (approx.) airfoll section.
FiGURrE 20.—Effect of de-icer hoots on dreg characteristica of alrfoil sections.
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CONCLUSIONS

From the analysis of the drag characteristics of practical-
construction wings, quantitative data were obfained that
indicated the size, number, and locations of surface waves suf-
ficient to induce premature transition at Reynolds numbers
greater than 9X10% at Reynolds numbers greater than
16X 10% at Reynolds numbers greater than 24108 and for
waves that did not bring about premature transition, at least
for Reynolds numbers up to approximately 50<10% In
addition, the following conclusions were oblained:

1. When spar joints or similar surface discontinuities
occurred in a region of normally laminar flow, the section drag
coefficients of several practical-construction wings in the as-
received condition ranged from 0.0062 to 0.0086. Improve-
ment in surface smoothness and decrease of surface waviness
at the spar joint often decreased the section drag coefficients
by an amount ranging from 0.0022 to 0.0035, depending
upon the magnitude of surface roughness and waviness in
the as-received condition. In some cases nearly half the
decrease in drag coefficient was associated with decreases in
surface waviness. .

2. Smooth practical-construction models with relatively
heavy skin and with the spar joint placed at or behind Lhe
most rearward position at which laminar flow might be ex-
pected yielded drag coefficients that closely approached those
of a fair and smooth airfoil section.

3. It was possible to calculate with reasonable accuracy
the variation of section-drag coefficient with Reynolds num-
ber, at least between Reynolds numbers of 30X10° and
50108, for two smooth NACA 6-scries airfoil models on
which the surface waviness had been reduced beyond ihe
point where an effect was noticeable on drag. It was
assumed for the caleulations that transition occurred at a value
of the Reynolds number based on the boundary-layer thick-
ness R; between 8000 and 9000, if transition did not occur
as a result of an unfavorable pressure gradient. Some exist-
ing flight measurements of boundary-layer transition at mod-
eratély high Reynolds numbers indicated that this renge of
values of R; was within that found in flight.

4. The improvement in surface smoothness and waviness
brought about by glazing, painting, and minor refairing was
in most cases sufficient to reduce the drags of unfinished
practical-construction wings to values closely approaching
those for a fair and smooth airfoil model of corresponding
section, at least at Reynolds numbers up to approximately
20108,

5. The differences in drag usually associated with airfoil
sections of different series, if not entirely masked, were con-
siderably reduced by construction irregularities.

6. Slight permanent set of the wing skin or rivets caused
by compressive loads produced little or no adverse effect on
the drag characteristics of two wing sections designed lo
retain true contours under loads usually encountered in
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flight.

was mounted.

LaxGLEY MEMORIAL AERONAUTICAL LLABORATORY,
NaTIoNAL ApVISORY COMAITTEE FOR AERONAUTICS,
Lanerey Fievp, Va., July 11, 1946.

While the wing was experiencing load sufficient to
produce such deformation, however, the drag of the wing
was considerably higher than the drag of the unloaded wing.

7. Airfoil sections having thickness ratios of approximately
15 percent and equipped with de-icer boots on the leading
edge had section drag coefficients of approximately 0.0070
over a range of Reynolds number from 1010% to 32X 10¢.
This value of the section drag coefficient, furthermore, seemed
to be independent of the airfoil section upon which the boot
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TasLe IL.—MODEL DATA AND DESCRIPTIONS

Model | NACA airfoll sectlon | ponll- -0'(}15‘1 Condition Flgure 1;‘_’:;3' Model deseription Co
1 10)—3(16.5) A 100 8pars at 0.12c, 0.45¢, and 0.7le. Ohordwise channel-
. pprox.) . section stringers and spanwise Z-sectlon stringers on
upper aurface; chordwise channel-section stringers on
lower surface. Channel-section stripgers 0.058 Inch
thick on upper surface and 0.048 inch thick on lower
b surface. Z-section str s 0.107 Inch thick. Skin of
Upper surface painted to 0.71¢.. @ 0.094-inch thickness fastened to spars with Phillips
Lower surface painted to 0. 12 B | itk I head serews. Countersank rivets.
Both surfaces palanted to 0.71e. .. ___ 8 (a) ........................
-2 63(215)-214 (approx.) B 8 Bpars at 0.835c and 0.70c. Metal skin fastened with flush-
type rivets. . '
~3 66(215)-116 a 84.0 Single spar at 0.32¢. All-metal skin.
et and pa[nted behind 0.32¢___ -~ . . T i
Palnted all over.. oo o__._ 8
Pafnted and partly refaired______._..__ .
- 4 06(215)-116 D 85 Original, palnted with zine-chromate | 8 (). ccccaecmomcoo oo Bingle spar jus:‘.jbehl.nd 0.60c. Skin of 0.126-inch thick-
{a-l.o, ey=02 primer, ness forward of spar stiffened on each surface with one
a=(.6, crym—0.1 Palnted oo emeemeeaan 8 E chordwise flush-riveted stiffener. Riveted jJolnt at
Qlazed. oo | & leading edge.
5 66(215)1%6 02 D 85 Original, painted with zine-chromate | 8 (e}, 16, 17 (@) . ... [} Ssme as model 4.
. a== [ er,
{a=b 8 2% Palnted and glazed ..o oooeeeeee 8@
- B8 066(218)-116 C 100 Or!ginal covered with fabric sm'fa.r.'er L1+ o T Bpars at 0.15¢ and 0.45¢. One-J-section stiffener at 0.04¢
) 8 of 0.068-Inch thickness, og:mwfse hat-section stiffeners
0.047 inch thick spaced 0.03¢ on centers between spars.
Skin 0.05 Inch thiek up to 0.45c. Ribs from reer spar
to trailing edge. .
7 06 nsy 114 c 85 Asg recelved, bare metsl surfaces .- 10,11 e 9 Spars at 0.081¢,0.373¢, 0.688c. Behind front spar skin was
0.675 inch th[ck bullt up of 0.6-inch, belsa sandwiched
Both surfaces falred__ .. ... 10, 11,18, 22, e e between durslumin hheets Skin eycle-welded to.In-
ternal structure. Part of airfofl ahead of the front
spar formed of 0.125-fnch dumlum].n sheet.
8 68(2x15)-116 E 90.2 Camouflage panted_ ... 13,14, 16 __ 12 Chordwise sea.m to 0.Sc Chordwlse row of rivets from
QOriginal, bare metal_ 24 8 - leading edge to at 0.35¢ with for-
Glazed 20 076 e eeean % G R ward part fastened by counters:m.é Phillips head screws.
[} 66(216)-(1.25)16 F 72 Glazed. ... iimemmmaas 18,17 (b), 28 (@) ---|-mcecmeeee Spars at 0.15cand 0.72¢.  SBolid endri.bs,m]se noseand tafl
@16)-(1.26) ! ¢ ribs spaced at 8-Inch intervals, Chordwise hat-section
stiffeners spaced at 3-Inch I.ntermls between spars.
1¢ 66, 2-115 ¢} & Camouflage painted. .- ooooeoo.ooo 18,17 {0) - e Spara at 0.125cand 0.585¢. Skin 0.067 Inch thick. Chord-
wise stiffeners between spars with false nose and tall
ribs. Spot-welded construction.
11 68, 2-115 a 80 Camouflage painted. . ooemos 18,17 ¢d) oo - 15 Same as model 10 except flush-riveted construction.
12 23015 (approx.) H 100 Camouflage palnted ... . _...____| 20, 21 (a), 24 (D), 18 Spars at 0.105¢ and 0.605¢. Skin 0.066 inch thick. Span-
20 (b). ‘wise angle-section stiffenersahead of front spar 0,056 inch
Original, bare metal..... 24 (b thick., Metal skin fastened to intertor structure by
0.10c de-icer. 20 (D)o countersunk fiugh rive 5.
13 23016 (o] 100 Camouflage painted .. ... 20, 21 (b), 24 (a8)-- 19 Single spar at 0.3c. Skin of0.047- I.nch thickness forward of
Original, ted with zine-chromate | 24 (a). spar and 0.031%-inch-thick skin behind spar. Spanwise
primer. J-section -stifeners ahead of spar 0.052 Ineh thick.
Flush-riveted.
14 66(216)-(1.25)16 F 2 Glazed. .o aan b X () F— Same as model 9 except chordwise stiffeners spnced [
) Inches on centers.
15 66(216)-215 (approx.) J [ 18 Glazed. .. e cmeeemaaa —{ 28 (c}), 28 (B).—ce--- b1 Bpars af 0.215¢c and 0.615¢. 8kin approximately 0.0625
0.078c decicer_ =} 29 (a)- inch thick. Chordwise hat-section stiffeners spaced
ede-deer oo

approximately 6 inches on centers between spars.
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